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PACE) in nonreducing conditions. After electroblot- 
ting, the PVDF membrane (Millipore) was probed 
overnight with recombinant E2 (1 M-g/ml) at room 
temperature. Incubation with an mAb to E2 (clone 
291 A2) was followed by chemiluminescent detection 

IgC (Amersham). 
X. Polystyrene beads (1/4-inch diameter) (Pierce) were 

tein in dtTate buTfer (p^fn' 4) at roomTen^perature. 
After saturation for 1 hour with 2% bovine serum 
albumin in 50 mIM tris-Cl (pH 8), 1 mIM EDTA, and 
100 mM NaCl (TEN) buffer, each bead was incubated 
at 37°C for 2 hours in 200 \A of TEN-diluted infec- 
tious chimp plasma containing 5 X 10^ HCV RNA 

ed polystyrene beads were incubated with purified 
■)S (50 M.g/ml) f( 
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[lH), IMgClj (25 mIM), and 10 U of IMoloney mur 



primer TCTTCACCCACAAACCCTCTA, 5 pmol of the 
fluorescent detection probe 5'-(FAIM)TCACTCTCGT- 
CCACCCTCCACCA(TAIMRA) (FAIM is carboxyfluo- 
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TNF-a Induction of 
CD44-Mediated Leukocyte 
Adhesion by Sulfation 

Arpita Maiti. Cuitta Maki.* Pauline Johnsonf 

Regulation of cell adhesion is important for immune system function. CD44 is 
a tiglitly regulated cell adhesion molecule present on leukocytes and implicated 
in their attachment to endothelium during an inflammatory immune response. 
The proinflammatory cytokine tumor necrosis factor-a, but not interferon-7, 
was found to convert CD44 from its inactive, nonbindingform to its active form 
by inducing the sulfation of CD44. This posttranslational modification was 
required for CD44-mediated binding to the extracellular matrix component 
hyaluronan and to vascular endothelial cells. Sulfation is thus a potential means 
of regulating CD44-mediated leukocyte adhesion at inflammatory sites. 
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TRX-ECZ for coating beads was 100 (jig/mL At this 
concentration, about 7% of HCV input was bound by 
the beads. Using TRX-EC2 (100 (jig/ml) and in- 
creasing numbers of beads, we captured about 
10% of the HCV input, in terms of RNA molecules, 
further demonstrating that HCV binding is depen- 
dent on the CD81 concentration. Moreover, our 
experience with antibody (from mouse, chimp, or 
human)-coated beads has shown that the percent- 
age of HCV that can be captured is negligible, 
further proving that CD81 is indeed a very effec- 
tive binder of HCV particles. 
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Leukocyte migralion ami cxlra\ asalion is a 
multistep process involving ihe rolling and ad- 
hesion of leukocytes to the endothehmn and 
their subsequent di^edesis to the inflanunatoiy 
site (1). Activated T cells can bind the extracel- 
lular matrix component hyaluronan, and this 
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CD44-mediated interaction has been implicated 
in the rolling and extravasation of lymphocytes 
at inflammatory sites (2). CD44 is normally 
present on leukocytes in an inactive state that 
cannot bind hyaluronan but can be converted to 
an active state upon appropriate stimulation, 
such as activation by antigen or cytokines (3, 
4). However, the molecular mechanism for this 
coii\'crsion is poorly understood. I'lie binding 
ability orC"D44 has been sliowii to be alleeted 
by three types of posttranslational modification: 
N- and O-linked glycosylation and glycosami- 
noglycan addition {4, 5). Here, we show that 
sulfation is an additional posttranslational 
mechanism that can convert inactive CD44 to 
its active, adliesive fomi and that this mecha- 
nism is induced by the proinflammatory cyto- 
kine tumor necrosis factor-a (TNF-a). 
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Fig. 1. Expression of CD44 and ICAI^-1 and FL-iiyaluronan binding ability on untreated, TNF-a- 
treated, or IFN-7-treated SR91 cells by flow cytometry. Cells were preincubated with the CD44 
mAb IM7.8.1, or with unlabeled hyaluronan, to block binding. Unlabeled SR91 cells were the 
negative control. 
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During an inflammatory response, 05^10- 
kines, including TNF-a, stimulate leukocyte- 
endothelial interactions by the activation and 
up-regulation of a variety of cell adhesion mol- 
ecules (6). TNF-a also induces the binding of 
hyaluronan to CD44 expressed on peripheral 
blood monocytes (7 ). hi tliis study, the human 
leukemic cell line SR91, wliich is positive for 
the myeloid-specific marker CD33 and nega- 
tive for the CD2 and CD7 lymphoid markers, 
was used to investigate the effect of TNF-a on 
the adhesive state of CD44 (5). 

Treatment of the SR91 cells with TNV-a 
(10 ng/ml) for 24 hours (9) resulted in in- 
creases in surface expression of the cell ad- 
hesion molecule, ICAM-1, and CD44 and in- 
duced the binding of fluoresceinated hyaluro- 
nan (FL-hyaluronan) (Fig. 1). FL-hyalutonan 
binding could be inhibited by IM7.8.1, a 
monoclonal antibody (mAb) to CD44, as well 
as by unlabeled hyaluronan (50 (Jig/ml), indi- 
cating a specific interaction between CD44 
and its ligand, hyaluronan. Stimulation of 
SR91 cells with interfeion-7 (IFN-7) (500 
U/ml) also induced ICAM-1 expression but 
did not cause a significant increase in CD44 
expression and did not induce FL-hyaluronan 
binding (Fig. 1); this result demonstrated the 
selectivity of the TNF-a response on CD44. 

Given that TNF-a promotes leukocyte ad- 
hesion and migration at inflanmiatorj' sites, we 
sought to detemiine whetlier TNF-a induced 
the adhesion of SR91 cells to endothelial cells 

(10) . TNF-a-stimulated SR91 cells, but not 
unstimulated or IFN-7-treated cells, bound to a 
murine endothelial cell monolayer, SVEC4-10 

(11) (Fig. 2). This adhesion was therefore not 




Fig. 2. Adhesion of SR91 cells to an SVEC4-10 
endothelial cell monolayer. (A) Binding of un- 
stimulated or TNF-a-stimulated SR91 cells to 
SVEC4-10 cells (scale bar, 100 |a,m). (B) Percent- 
age of 3 X 10= CMFDA-labeled SR91 cells binding 
to the SVEC4-10 monolayer, untreated or pre- 
treated as indicated, determined by fluorimetry. 
Pretreatment of SR9 1 cells or of SVEC4- 1 0 was as 
indicated. C, chlorate; Ab, CD44 mAb (IM7.8.1 for 
SR91, KM201 for SVEC4-10 cells); HA, hyaluro- 
nan; H, hyaluronidase. 



dependent on the up-regulation of IC AM- 1 and 
was not inhibited by an ICAM-1 mAb (12). The 
adhesion was CD44-dependent; preincubation 
of the TNF-a-treated SR91 cells with the 
CD44 mAb IM7.8.1 prevented the interaction. 
Preincubation of the murine SVEC4-10 mono- 
layer with a murine-specific CD44 mAb, 
KM201, also prevented TNF-a-stimulated 
SR9 1 ccUs from binding to the endothelial cells, 
implying a homotypic, CD44-CD44- depen- 
dent interaction. Both CD44 antibodies block 
hyaluronan binding in human and murine cells, 
respectively, which suggests that the hyaluro- 
nan-binding regions of CD44 may be involved 
in the interaction. Preincubation of either cell 
line with hyaluronan had no significant inhibi- 
tory effect on adhesion (Fig. 2). However, pre- 
treatment of either cell line with hyaluronidase 
abolished the interaction, suggesting a role for 
endogenous hyaluronan in bridging the CD44- 
CD44 interacUon. 

Previous work in libroblusts had suggested 
a role for sulfation in regulating the hyaluronan 
binding of CD44. Inhibition of sulfation by 
chlorate, a potent inhibitor of adenosine triphos- 
phate sulfiirylase (J3), prevented antibody-in- 
duced hyaluronan binding to CD44 (14). To 
elucidate the molecular mechanism by which 
TNF-a induces the adhesive ability of CD44 on 
SR9 1 cells, we first detenniiied which fomis of 
CD44 were present and whether IW-a altered 
the sulfation pattern of CD44 (15). Only the 
85-kD standard fomi of CD44 (CD44H) was 
detected in the SR9 1 cells after immunoprecipi- 
tation and blotting with IM7.8.1, and this form 
incorporated small amounts of pS]sulfete 
(Fig. 3). However, after TNF-a stimulation, the 
sulfation of CD44 was increased signilicantly. 
whereas CD44 expression was only sliglitly 
enlianced (Fig. 3). On average, sulfation was 
increased 4.5 ± 2.4 times (k = 4), whereas 
CD44 expression was mcreased only 1.9 ± 0.4 
times (n = 4). Unlike TNF-a, stimulation of 
SR91 cells with IFN-7 had no effect on the 
sulfate incorporation of CD44 (Fig. 3). Thus, 



Fig. 3. Sulfate labeling of CD44. SR91 cells, 
either unstimulated (— ) or stimulated with 
TNF-a or IFN-7 (+) (5 X 10^ cells in each 
case), were labeled with [^=S]sulfate. One-quar- 
ter of the IM7.8.1-lmmunopreclpltated CD44 
was subjected to SDS-polyacrylamlde gel elec- 
trophoresis (PACE) under nonreducing condi- 
tions, then immunoblotted with the biotinyl- 
ated CD44 mAb IM7.8.1; the remainder was 
resolved by SDS-PACE under reducing condi- 
tions and exposed for autoradiography. Molec- 
ular mass markers are indicated (in l<cilodaltons). 



the sulfation of CD44 was stimulated by TNF- 
a, but not by IFN-7. 

To determine whether the sulfation of CD44 
was required for the induced adhesion of CD44 
to hyaluronan and to endothelial cells, we incu- 
bated SR91 cells in the presence of 50 mM 
sodium chlorate, a potent sulfo-transferase in- 
hibitor, during the TNF-a stimulation period 
(9). The TNF-a-induced FL-hyaluronan bind- 
ing by CD44 was abrogated in the presence of 
sodium chlorate (Fig. 4A). Chlorate treatment 
of SR91 cells also abrogated tiie incorporation 
of p's] sulfate into CD44 (Fig. 4B). Chlorate 
treatment of SR91 cells did not prevent the 
increase in CD44 expression in response to 
TNF-a (Fig. 4, A and B) and did not affect cell 
viability, as assessed by trypan blue exclusion. 
This result indicated tiiat an increase in CD44 
expression alone could not account for the in- 
duction of CD44 adhesiveness. Treatment of 
SR91 cells with TNF-a in the presence of 
sodium chlorate also prevented the binding of 
SR91 cells to the SVEC4-10 monolayer (Fig. 
2). Thus, TNF-a stimulated the sulfation of 
CD44, which converted CD44 from an inactive 
to an active cell adhesion molecule that could 
bind the extracellular matrix component hyalu- 
ronan and mediate leukocyte- endothelial cell 
adhesion. 

Sulfation is an additional posttranslational 
modification that can regulate the adhesive 
function of CD44. It may provide one mecha- 
nism for regulating cell adhesion to vascular 
endothelial cells and may occur on tumor cells 
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[35s]Sulfate CD44 Immunoblot 
Fig. 4. Effect of chlorate on FL-hyaluronan binding 
ability and sulfation of CD44. Unstimulated and 
TNF-a-stimulated SR91 cells were incubated in 
the presence of 50 mM sodium chlorate. (A) 
CD44 expression and FL-hyaluronan binding pro- 
files as determined by flow cytometry. Unlabeled 
SR91 cells were the negative control. (B) [^=S]sul- 
fate-labeled IM7.8.1 immunoprecipitates of CD44 
in the presence (-I-) or absence (-) of TNF-a or 
50 mM chlorate. Molecular mass markers are 
indicated (in kllodaltons). 
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to facilitate tlieir extravasation and metastasis. 
Keratan, lieparan, cliondroitin, carboliydrate, 
and tyrosine sulfate have been detected on al- 
ternatively spliced, higher molecular weight 
forms (1 16 to 200 kD) of CD44 (16, 17). hi our 
study, the 85-kD form of CD44 was the major 
sulfated moiety. Preliminary data from sulfo- 
amino acid analysis provided no evidence for 
the tyrosine sulfation of CD44, whereas chem- 
ical or enzymatic removal of carbohydrate did 
provide evidence for carbohydrate sulfation 
(18). However, the precise identification of the 
sulfated residues and their location within 
CD44 remain to be determined. The selectin 
ligands are cell adhesion molecules involved in 
leukocyte- endothelial cell interactions that are 
also sulfated (19). These molecules mediate the 
initial rolling interactions between leukocytes 
and high-walled endothelial venules (HEVs) 
(20). Sulfation of two selectin ligands, Gly- 
CAM-1 and CD34, occurs in HEVs on O- 
linked glycans and is required for liigli-affmit}' 
binding to L-selectin (19, 21). Tyrosine sulfa- 
tion of the P-selectin ligand PSGL-1, present on 
leukocytes, has been shown to be important for 
high-affinity binding to P-selectin (22). Thus, 
the sulfation of cell adhesion molecules on 
HEVs and leukocytes may occur to facilitate 
leukocyte- endothelial cell interactions. The in- 
duction of CD44 sulfation by TNF-a provides 
one potential mechanism for regulating leuko- 
cyte adhesion during an inflammatory response. 
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worm's life-span (2). The corresponding genes 
have been cloned and are involved in various 
aspects of development and metabolism (3, 4). 

Life-span and stress response are closely 
associated. In C. elegans, the age-l mutant 
displays elevated resistance to thermal exposure 
(5) and to oxidative stress (6). In Drosophila, 
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laboratory stocks selected for postponed senes- 
cence also show increased tolerance to heat, 
star\'ation, desiccation, and oxidative damage 
(7-9). Tandem overexpression of Cu-Zn super- 
oxide dismutase (SOD) and catalase genes in 
Drosophila increased life-span by 30% (10). 
Similar observations were made in flies ex- 
pressing the human SODl fransgene in motor 
neurons (11). However, the physiological and 
molecular events involved in life-span determi- 
nation and stress resistance have remained 
largely elusive. 

We generated a set of P-element insertion 
lines (12, 13) and screened them for ones that 
outlived a parent strain (white"'^). methuselah 
(mth) was isolated by its increase in life-span 
at 29°C. The life extension was confirmed at 
25°C. At both temperatures, flies homozy- 
gous for the P-element lived, on the average, 
35% longer than the parent strain (Fig. 1). 

We then examined the ability of mth flies to 
resist stress, mth mutant flies were more resis- 



Extended Life-Span and Stress 
Resistance in the Drosophila 
Mutant methuselah 

Yi-Jyun Lin, Laurent Seroude, Seymour Benzer* 

Toward a genetic dissection of the processes involved in aging, a screen for gene 
mutations that extend life-span in Drosophila melanogaster was performed. The 
mutant line methuselah {mth) displayed approximately 35 percent increase in 
average life-span and enhanced resistance to various forms of stress, including 
starvation, high temperature, and dietary paraquat, a free-radical generator. 
The mth gene predicted a protein with homology to several guanosine triphos- 
phate- binding protein-coupled seven-transmembrane domain receptors. Thus, 
the organism may use signal transduction pathways to modulate stress re- 
sponse and life-span. 
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